The effect of cell density on the rate of association of Escherichia coli and Staphylococcus aureus by monolayer cultures of HeLa 229 cells was investigated. Radioactively labeled bacteria were incubated with sparsely and densely plated cells. The rate of bacterial uptake was 10-to 20-fold higher in sparse cultures. Kinetic analysis of data with different multiplicities of input bacteria showed that the Km of the reaction was unaltered, whereas the Vmax was inversely related to cell density. Pretreatment of HeLa cultures with dibutyryl adenosine 3',5'-phosphate had little effect on the rate of bacterial association. The simultaneous presence of an obligately parasitic bacterium, Chlamydia trachomatis LGV434, enhanced the Vmax of association of E. coli and S. aureus. This effect was more pronounced in dense HeLa cell cultures. Heat-inactivated chlamydiae were unable to modify the association. Enhanced association persisted for at least 3 h after infection with chlamydiae.
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Members of the genus Chlamydia are obligately parasitic bacteria exhibiting a complex life cycle which is consummated within phagocytic vesicles of the infected host cell. Unlike most pathogenic bacteria which replicate extracellularly, and therefore possess artifices enabling them to avoid phagocytosis and eventual destruction, the chlamydiae exhibit "parasitespecified" phagocytosis to ensure successful growth. Phagocytosis of chlamydiae, even by nonprofessional phagocytes such as HeLa or L cells, is a highly efficient phenomenon. At moderate nontoxic multiplicities, all of the infectious chlamydiae are phagocytized (5, 6) . In view of the presence of chlamydiae in 20% or more of patients with gonorrhea (12), we became intrigued by the possibility that the simultaneous presence of infectious chlamydiae could modulate the uptake of other bacteria by HeLa cells. During the course of this investigation, we also found that the rate of association of Escherichia coli and Staphylococcus aureus was influenced by the cell-to-cell proximity (density) of HeLa 229 cell cultures.
MATERIALS AND METHODS Cells. HeLa 229 cells were cultured in minimal essential medium supplemented with 5% calf serum which had been heated at 56°C for 30 min.
Bacteria. E. coli B3, a thymine auxotroph, was obtained from N. E. Melechen, and S. aureus 209P was obtained from the Department of Microbiology collection. Both bacteria were grown in glycerol-salts medium (2) . E. coli B3 was grown after being supplemented with thymidine (5 Ag/ml). The nucleic acids of the bacteria were labeled with [methyl-3H]thymidine (10 1iCi/ml), [5,6-3H] (Fig. 1) . Therefore, the substrate did not seem to be the rate-limiting step in the association of bacteria with the HeLa cells. The influence of density of HeLa cell cultures on the rate of association of radioactively labeled bacteria is apparent in the data. At any time during the incubation, sparse cell cultures (7 x 102 cells per cm2) showed a 50-to 100-fold higher rate of association than dense cultures (7 x 10' cells per cm2) at two different inputs of
[3H]thymidine-labeled E. coli. The rates of bacterial association, using sparse or confluent cultures, were linear for at least 45 min (Fig. 1) .
Determination of the apparent kinetic parameters of bacterial association at different HeLa cell culture densities. To examine the possibility that the apparent 50-to 100-fold higher rates of bacterial association to sparse relative to dense cell cultures were merely due to a higher bacterium-to-cell ratio, the association rates of the two types of cell cultures as a function of bacterial input were determined. The dramatic effect of cell density on the rate of association of [3H]thymidine-labeled E. coli is shown in Fig. 2 Fig. 2, inset ) and S. aureus (Fig. 3) effectively eliminate the incorporation of any unstable label from the bacteria into multiplewashing-resistant material. Moreover, the association rates of both bacteria to the monolayer cultures were time, multiplicity, and temperature dependent. Lack of effect on bacterial association by pretreatment of HeLa cell cultures with dibutyryl cAMP and isobutylmethylxanthine. Inhibition of phagocytosis by dibutyryl adenosine 3',5'-phosphate (cAMP) (8, 11) and enhancement (15) have been reported. The growth of HeLa 229 cells is inhibited by exogenous cAMP (19) , and high intracellular levels of cAMP in nongrowing cultures of "normal" cells (16) have been observed. Repeated attempts failed to influence significantly the rate of association of E. coli or S. aureus with sparse or dense cultures of HeLa 229 cells by treatment with 2.5 or 5 mM dibutyryl cAMP, with or without isobutylmethylxanthine, an inhibitor of cAMP phosphodiesterase (Table 1) .
Effect of infection by C. trachomatis on the rate of association ofE. coli or S. aureus with HeLa cell cultures. The rates of associ- (Fig. 4) . To accentuate the stimulation, the data have been presented on a semilogarithmic scale.
The greatest enhancement was observed as the cells in culture approached confluence at about 8 x 104 cells per cm2. The stimulation of association was not due to any opsonins in the chlamydia-suspending medium, and heat-inactivated chlamydiae were unable to effect the enhancement (Table 2) . Chlamydia-specific enhancement persisted for at least 3 h after infection of HeLa cells (Table 2) .
Kinetic analysis of data obtained with [3H] cytidine-labeled S. aureus showed that the presence of infectious chlamydiae increased the V.
of the rate of association oflabeled bacteria from 65 cpm per 104 HeLa cells to 130 without a detectable change in the apparent Km of the reaction (Fig. 5) . An inverse relationship of cell density with regard to the transport of hexoses, the level of glycolytic enzyme activity, glucose utilization, and lactate production has been described (3, 9) . A similar inverse relationship between receptormediated uptake of low-density lipoprotein and cell density was recorded with bovine endothelial cells (22) and human skin fibroblasts (14) grown in vitro. Pinocytosis of horseradish peroxidase, on the other hand, was enhanced in dense, relative to sparse, cultures of L (20) , HeLa, and monkey kidney (13) cells. The data summarized in Fig. 2 and 3 show that the rate of association of E. coli and S. aureus to HeLa 229 cells was dramatically reduced in dense, relative to sparse, cell cultures. By increasing the bacterial input, the rate of association to dense cultures of HeLa cells could not be enhanced to the rate observed with sparse cultures (Fig. 2 and 3) . Thus, simple increases in the bacterium-toHeLa cell ratio did not result in the observed higher rate of association of labeled bacteria with the sparse cultures of HeLa cells. Lineweaver-Burk plots have been used to analyze phagocytic activity (17, 21) . The V.. of a phagocytic reaction is thought to reflect the avidity of cell-particle interaction at the membrane, whereas the K. is a measure of the phagocytic capacity of the cell (17) . The enhanced Vms1 resulting from opsonization of [3H]thymidinelabeled S. aureus was interpreted to reflect increased bacterium-macrophage interaction at the cell surface (17) . In the same study, depression of the K. by several inhibitors led to the postulate that the Km could not represent affinity of the cell for the bacterium, but instead was an index of the phagocytic capacity of the cell. Our data from many different experiments indicate a cell density-dependent change only in the V.. of association of bacteria with the HeLa cell cultures. Such a change suggests modulation of the avidity (17) of cell-particle interaction by the proximity of the cell and not the capacity of the cell for uptake.
The lack of effect of treatment with dibutyryl cAMP noted in our study (Table 1) (Fig. 4) . The VMI., but not the Ki, of the rate of association of S. aureus was increased in the presence of the chlamydial inoculum (Fig. 5) . Membrane fluidity and the intracellular cyclic nucleotide level are only two of many parameters which play a major role in functions associated with the cell surface. Both of these are affected by cell proximity. Because little is known about bacterial receptors on the plasma membrane, especially their local distribution and the influence ofmembrane fluidity on bacterial association, one can only speculate that the sparse cultures possess greater avidity regarding bacterial binding. Clustering of receptors on the plasma membrane may be one of the factors responsible for the enhanced association of bacteria exhibited by sparse cultures of HeLa cells. Infection with C. trachomatis LGV434, an obligate parasite with a highly efficient mode of association to HeLa cells, may cause a more optimal orientation of the receptors, resulting in the observed enhancement of the rate of association of E. coli and S. aureus.
